Purpose To quantify the signal intensity of fundus autofluorescence (FAF) and evaluate its association with visual function and optical coherence tomography (OCT) findings in diabetic macular oedema (DMO). Methods We reviewed 103 eyes of 78 patients with DMO and 30 eyes of 22 patients without DMO. FAF images were acquired using Heidelberg Retina Angiograph 2, and the signal levels of FAF in the individual subfields of the Early Treatment Diabetic Retinopathy Study grid were measured. We evaluated the association between quantified FAF and the logMAR VA and OCT findings. Results One hundred and three eyes with DMO had lower FAF signal intensity levels in the parafoveal subfields compared with 30 eyes without DMO. The autofluorescence intensity in the parafoveal subfields was associated negatively with logMAR VA and the retinal thickness in the corresponding subfields. The autofluorescence levels in the parafoveal subfield, except the nasal subfield, were lower in eyes with autofluorescent cystoid spaces in the corresponding subfield than in those without autofluorescent cystoid spaces. The autofluorescence level in the central subfield was related to foveal cystoid spaces but not logMAR VA or retinal thickness in the corresponding area. Conclusions Quantified FAF in the parafovea has diagnostic significance and is clinically relevant in DMO.
Introduction
Diabetic retinopathy (DR), a major cause of visual impairment in patients of working age, is mainly mediated via angiogenic complications and diabetic macular oedema (DMO). 1 Diabetes mellitus leads to disruption of the blood-retinal barrier, and the accumulated blood components in the extravascular spaces exacerbate macular thickening and functional disturbance. 2, 3 Although the recent application of antivascular endothelial growth factor therapy has improved the visual prognosis in patients with DMO, 4 ,5 a method to objectively evaluate the clinical findings and the pathogenesis remains to be developed.
Fluorescein angiography, an invasive modality, provides qualitative and quantitative assessments of the vascular hyperpermeability in DMO. Clinical application of optical coherence tomography (OCT) enables measurement of the retinal thickness in healthy and diabetic eyes. Clinicians recently began observing the fine pathological structures of intraretinal lesions on spectral-domain (SD) OCT images with higher resolution and reduced speckle noises. 6 Automated quantification of the retinal thickness especially is the gold standard for objectively evaluating the severity of DMO; many publications have reported a modest correlation between the macular thickness and visual impairment in eyes with DMO. 7 Despite the clinical relevance of OCT measurements, errors of segmentation of the inner limiting membrane or retinal pigment epithelium (RPE) sometimes occur, leading to incorrect measurements of the mean retinal thickness.
Fundus autofluorescence (FAF) is another modality for evaluating chorioretinal diseases. The autofluorescence signals are widely thought to be emitted mainly from lipofuscin in the RPE cells, which is derived from the debris of incompletely digested photoreceptor outer segments and, to a lesser extent, from retinol or related proteins in the photoreceptors. 8 Increase and decrease in FAF signal levels have been reported in pathological states. Hypoautofluorescence often corresponds to decreased fluorophores in diseases at the photoreceptor-RPE interface in geographic atrophy or retinitis pigmentosa. 9, 10 Macular pigment blocks the autofluorescence signals from the RPE, and opsins (rhodopsin or cone opsins) also block 488-nm excitation light in healthy eyes, whereas well-demarcated hyperautofluorescence is delineated in areas corresponding to foveal cystoid spaces in DMO and retinal vein occlusion. [11] [12] [13] A recent publication found that the areas of autofluorescent cystoid spaces have clinical relevance in eyes treated with bevacizumab. 14 FAF also might have potential use in observing RPE changes after retinal photocoagulation. 15 In addition, it is speculated that oedematous changes in retinal parenchyma block the autofluorescence and concomitantly decrease the FAF signal levels in macular oedema due to retinal vascular diseases. However, it is difficult to measure the autofluorescence intensity, because the signal levels are modulated by the cornea and crystalline lens in patients with diabetes. 16, 17 We investigated a novel method to quantify the relative levels of FAF intensity in individual subfields of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid in DMO and evaluated the clinical relevance compared with OCT findings.
Materials and methods

Patients
We retrospectively reviewed 103 eyes of 78 patients (mean, 63.5 ± 9.9 years; range, 33-84) who visited the Department of Ophthalmology of Kyoto University Hospital from June 2010 to June 2013. Two eyes had mild nonproliferative diabetic retinopathy (NPDR), 64 eyes had moderate NPDR, 19 eyes had severe NPDR, and 18 eyes had proliferative diabetic retinopathy (PDR). The inclusion criteria were the presence of centreinvolved DMO based on OCT measurements and the availability of SD-OCT and FAF images of sufficient quality obtained on the same day. We excluded eight eyes in which severe intraretinal lesions containing microaneurysms, retinal haemorrhages, and hard exudates blocked the autofluorescence signals from the RPE in any subfield of the inner ring (1-3 mm) or the central subfield of the ETDRS grid. Other exclusion criteria were the presence of any other chorioretinal diseases, including age-related maculopathy and agerelated macular degeneration, severe media opacity, a history of treatment of DMO, cataract surgery within 3 months, or any major surgery other than cataract extraction within 1 year. We also evaluated 30 eyes of 22 patients with DR but without either clinically significant macular oedema or centre-involved DMO that were matched according to age and DR severity (19 eyes with moderate NPDR, 5 eyes with severe NPDR, and 6 eyes with PDR) that served as a control group. Six eyes with DMO or one eye without DMO was pseudophakic. All research and measurements adhered to the tenets of the Declaration of Helsinki. The ethics committee of Kyoto University Graduate School of Medicine approved the study protocol. Informed consent was obtained from the participants after the full explanation of the nature and possible consequences of the study.
Optical coherence tomography
After comprehensive ophthalmological examinations, including measurement of the best-corrected visual acuity (VA), slit-lamp biomicroscopy, and colour fundus photography, sectional images of the macula were scanned using SD-OCT (Spectralis OCT, Heidelberg Engineering, Heidelberg, Germany) followed by evaluation of qualitative and quantitative OCT parameters. We measured the mean retinal thickness of the central subfield and the four quadrants (superior, nasal, inferior, and temporal) of the inner ring (1-3 mm) of the ETDRS grid using a two-dimensional OCT map constructed by raster scans, as described previously. 18 We further assessed the qualitative OCT parameters: the presence of foveal cystoid spaces and foveal serous retinal detachment (SRD), and the status of the external limiting membrane (ELM) at the fovea. [18] [19] [20] These parameters were applied to further analyses and compared with the FAF signal intensity.
Fundus autofluorescence
FAF images of the macula were acquired using a scanning laser ophthalmoscope (Heidelberg Retina Angiograph 2, Heidelberg Engineering). Autofluorescence signals through a 500-nm filter with excitation by 488-nm laser light were detected in an area 30 × 30 degrees centred on the fovea. The gain level was adjusted to delineate the major vessels and the disc on a single scan image, followed by averaging for sufficient quality.
We then quantified the relative autofluorescence levels in individual quadrants of the inner ring and the central subfield of the ETDRS grid on the FAF images (Supplementary Figure) . We measured and averaged the autofluorescence signal levels as 'mean autofluorescence intensity' in individual subfields using the Image J software (National Institutes of Health, Bethesda, MD, USA). We quantified the mean signal intensity of 1000 pixels in the optic disc where the RPE and photoreceptors are absent as the zero point in individual images. A value of 1 was assigned to the signal intensity in areas outside the ETDRS grid (~6 mm), because the pathological hyperautofluorescence or hypoautofluorescence was delineated mainly within the ETDRS grid (~6 mm) and the signal levels outside the ETDRS grid were decreased by intraretinal lesions and retinal vasculature alone. In this way, we calculated the mean signal levels in 1000 pixels with the highest signals in the individual quadrants (superior, nasal, inferior, and temporal) outside the grid using the Image J software, followed by averaging of these subfields (referred to as the autofluorescence intensity in the areas outside the ETDRS grid). We calculated the relative autofluorescence intensity according to the formula:
Relative autofluorescence intensity in each subfield ¼ autofluo ðmean intensity in each subfieldÞ À autofluo ðoptic discÞ autofluoðareas outside the ETDRS gridÞ À autofluo ðoptic discÞ where autofluo indicates autofluorescence intensity. We evaluated the agreement of the values between two independent graders (intraclass correlation coefficient, 0.993), and the average was applied to further analysis.
We further evaluated the increased FAF levels in the areas corresponding to the cystoid spaces and referred to them as autofluorescent cystoid spaces in this study. Macular pigments are present mainly in the outer plexiform layer (OPL) in the macula and block the autofluorescence signals from the RPE in healthy eyes. Well-demarcated oval or round areas with higher levels of FAF signals were delineated around the macula in eyes with cystoid spaces on OCT images. [11] [12] [13] We then assessed the presence of the autofluorescent cystoid spaces in individual subfields of the ETDRS grid.
Statistical analysis
The results are expressed as the mean ± SD. Student's t-test was used to compare the quantitative data populations with normal distributions and equal variance. The data were analysed using the MannWhitney U test for populations with non-normal distributions or unequal variance. Univariate linear regression analysis was performed to test the statistical correlation. Po0.05 was considered significant.
Results
Clinical relevance of autofluorescence signal levels in parafoveal subfields
We quantified the mean signal intensity of the FAF in the central 1-mm subfield and individual quadrants of the parafovea in eyes with centre-involved DMO and showed lower signal levels in the central subfield than in the parafoveal subfield in the control eyes (Table 1) . Eyes with DMO had lower levels of FAF signal intensity in the parafoveal subfields than those without DMO, compared with no differences in the central subfield ( Table 1 , Figure 1 ). The autofluorescence intensity in the parafoveal subfields was also negatively correlated with the logarithm of minimum angle of resolution (logMAR) VA compared with that in the central subfield in eyes with DMO, and the correlation was the most significant in the nasal subfield (Figure 2 ).
Relationship between FAF signal intensity and OCT findings
Recent publications have reported that hyperautofluorescence was delineated in the areas corresponding to cystoid spaces, which prompted us to investigate the relationship between autofluorescent cystoid spaces and the autofluorescence intensity. [11] [12] [13] Ninety-five eyes (92.2%) with autofluorescent cystoid spaces in the central subfield had higher signal intensities of FAF than eight eyes without them (Supplementary Table S1 ). The incidence of autofluorescent cystoid spaces in the parafoveal subfields was lower than that in the central subfield. Eyes with autofluorescent cystoid spaces in the parafoveal subfields, except the nasal subfield, had lower signal intensities in the corresponding subfields than those without autofluorescent cystoid spaces (Supplementary Table S1 ). We showed that the mean retinal thicknesses were correlated negatively with the FAF signal intensities in individual parafoveal subfields, although there was no association between the central subfield (CSF) thickness and the central autofluorescence intensity (Table 2, Figure 3) . We evaluated the relationship between the signal intensity of the FAF and the quantitative or qualitative OCT parameters at the fovea and found that the CSF thickness was associated negatively with the mean autofluorescence intensity in the parafoveal subfield but not with that in the central subfield (Supplementary Table  S2 ). Among three foveal pathomorphologies, either foveal cystoid spaces or SRDs often contribute to macular thickening, which prompted us to investigate the relationship between the mean autofluorescence intensity and these OCT findings. Eyes with foveal cystoid spaces on OCT images had higher FAF signals in the central Abbreviation: DMO, diabetic macular oedema.
Quantified FAF in DMO S Yoshitake et al subfield than those without foveal cystoid spaces; there were no differences in the FAF signal levels in the parafoveal subfields (Supplementary Table S3 ). We did not find significant differences in the autofluorescence levels in any subfields between eyes with and without foveal SRD (Supplementary Table S4 ). Finally, eyes with Table S5 ).
Discussion
Several publications have qualitatively assessed hyperautofluorescence in areas corresponding to foveal cystoid spaces in DMO. 11, 12, 14 Chung et al 14 found an association between visual prognosis and the areas of hyperautofluorescence at the fovea in eyes treated with bevacizumab. The current study investigated for the first time methods for quantifying the signal levels in FAF images and found differences in the FAF signal levels in the parafoveal subfields between eyes with and without DMO. It suggests diagnostic significance of these findings, though we had to consider the limitation of smaller sample number of control eyes. LogMAR VA was also correlated negatively with the mean FAF signals in the individual parafoveal subfields, especially in the nasal subfield. This suggested that quantifying the FAF intensity in the parafoveal areas might be a novel marker of visual impairment in DMO. The quantification of the FAF signal levels elucidated the clinical relevance of the parafoveal hypoautofluorescence in DMO. It is widely accepted that VA depends on the ability of the cone photoreceptors in the central subfield to perceive light, which is transmitted through secondary or tertiary neurons in the inner retinal layers of the parafoveal areas. 21 As hypoautofluorescence is related to the increased retinal thickness in the parafoveal subfields, we might hypothesize that hypoautofluorescence reflects the autofluorescence blocked by the oedematous retinal parenchyma, which disturbs signal transduction from the foveal cone photoreceptors. 18 However, the CSF thickness was also associated negatively with the signal levels of FAF in the parafoveal areas, which might implicate just the statistical correlation.
We considered several possibilities regarding the hypoautofluorescence in the parafoveal subfields, that is, blocked autofluorescence and decreased fluorophores. We often found decreased FAF signals around the autofluorescent cystoid spaces in the parafoveal areas, which seemed to correspond to the cystoid spaces in the OPL on OCT images. 14, 18, [22] [23] [24] We might speculate that extravasated blood components in the OPL contain Quantified FAF in DMO S Yoshitake et al unknown materials that block autofluorescence or decrease the transparency of the resident cells. The optical density of the photoreceptor components might sometimes increase in nonperfused areas, possibly leading to blocked autofluorescence and concomitant hypoautofluorescence. 25, 26 Another explanation might be changes in the origin of the fluorophores. Extravasated blood components from the retinal vasculature might affect the metabolism of the photoreceptor cells and concomitant changes in the fluorophores in these cells or reduce turnover of their outer segments, which could lead to decreased accumulation of lipofuscin. 27 Because the RPE functions are disrupted by diabetes, another possibility is that phagocytosis of the photoreceptor outer segments might decrease with concomitant lower amounts of fluorophore debris, including lipofuscin. 28, 29 We did not find a relation between the parafoveal FAF signals and foveal SRD. SRD often extends to the parafovea in eyes with DMO and might affect the autofluorescence levels. In eyes with central serous chorioretinopathy, subretinal fluid might block the autofluorescence signals from the RPE or prevent RPE cells from phagocytosing the photoreceptor outer segments. 30 However, the edge of the hypoautofluorescence areas did not definitively correspond to the area of the SRD in most eyes with DMO, suggesting at least some differences in their pathogenesis.
The levels of the FAF signals in the central subfield were related to the presence of foveal cystoid spaces, which might agree with studies that have described hyperautofluorescence in the areas corresponding to foveal cystoid spaces. 11, 12, 14, 31 The areas of autofluorescent cystoid spaces at the fovea were reported to be related to visual impairment, retinal thickness, and photoreceptor damage. 14 Vujosevic et al 12 reported that eyes with the multiple-spot type of autofluorescent cystoid spaces had poorer VA than those with the single-spot type. Compared with those publications, we did not ascertain the diagnostic significance or clinical relevance of the mean autofluorescence levels in the central subfield. We speculated that focal hyperautofluorescence in foveal cystoid spaces might counteract to diffuse hypoautofluorescence due to a few possible mechanisms. 32 This suggested a limitation in the study methods. Further studies should elucidate how foveal cystoid spaces were evaluated objectively on FAF images. In addition, retinal vasculature, hemorrhages, and hard exudates blocked autofluorescence signals in the parafoveal subfields, which might reduce the mean FAF intensity to a lesser extent.
A recent study reported that several factors affect the autofluorescence levels in healthy subjects: patients' background, that is, age, race, gender, and smoking, and the methods of image acquisition, that is, focus, central alignment, and aperture. 33 In addition, the cornea or crystalline lens might emit autofluorescent signals in patients with diabetes. 16, 17 This prompted us to investigate the relative autofluorescence levels in the macular subfields compared with the signals outside the ETDRS grid, although a recent publication described a method for quantifying FAF signals using a scanning laser ophthalmoscope equipped with an internal autofluorescent reference. 33 The advantage of the current method is that the FAF signal levels were adjusted by an internal control within individual images, and the relative autofluorescence levels were, to some extent, independent of the autofluorescence of the optical media. Indeed, we did not find the differences of the relative FAF intensities between phakic and pseudophakic eyes with DMO (data not shown). However, we could not evaluate the absolute value of the FAF levels, compared with the methods reported by Greenberg et al. 33 Despite the clinical relevance of FAF in the current study, we consider OCT to be the golden standard for diagnosing and treating DMO. 7, 34 OCT provides qualitative and quantitative parameters of importance regarding DMO, although it takes longer to obtain higherquality SD-OCT images. [35] [36] [37] [38] FA, an invasive modality, shows vascular hyperpermeability and nonperfusion areas. Hypoautofluorescence might correspond to oedematous changes or intraretinal lesions as discussed previously, although FAF does not differentiate these lesions. As FAF imaging is noninvasive and available within several seconds, clinicians might use this modality to screen for DMO. Colour fundus photography is also noninvasive although it has less potential use for detecting DMO.
In the current study, we showed for the first time the clinical relevance of quantified FAF in DMO, compared with the OCT findings, and the potential utility of FAF for screening DMO.
Summary
What was known before K Short-wavelength autofluorescence has potential utility to detect foveal cystoid spaces in diabetic macular oedema.
K Qualitative findings on short-wavelength autofluorescence are associated with visual prognosis after intravitreal bevacizumab injection for diabetic macular oedema.
K Mosaic pattern of near-infrared autofluorescence is associated with macular thickening and photoreceptor damage in diabetic macular oedema.
What this study adds K Patients with diabetic macular oedema have lower signal levels of short-wavelength autofluorescence in the parafovea than healthy persons.
